During design and implementation of the automatic materials handling system (AMHS) for a local 300mm semiconductor wafer fab (semiconductor fabrication plant), we observed and found an interesting phenomenon Vehicle Clustering Phenomenon (VCP) from the dynamics of automated vehicles: As time evolves, the distance between any two adjacent vehicles usually becomes very close enough as if all the vehicles are a long train of vehicles running around the loop. The overall performance thus deteriorates due to this phenomenon. This paper explores the causes of the VCP problem and clarifies its impacts to automatic materials handling operations in 300mm semiconductor manufacturing.
Introduction
Due to advanced fabrication technologies and increased weights of semiconductor wafers, 300mm semiconductor manufacturing demands highly automatic operations, not only in fabrication processing but also in material handling activities [1] . Among the proposed AMHS (Automatic Material Handling Systems) solutions, OHT (Overhead Hoist Transport) is one of the promising technologies to realize full automation in 300mm semiconductor manufacturing. In order to increase space utilization in the precious cleanroom environment and to achieve the maximum fab (semiconductor fabrication plant) throughput, tandem layout for OHT systems is usually adopted. An example of a tandem OHT system is shown in Fig. 1 , which is composed of several unidirectional circular loops. In each circular loop, there are a lot of OHT vehicles running in the same direction around the loop. In this paper, our focus is on the vehicle control problem in a unidirectional circular loop only. Fig. 1 Tandem OHT layout with unidirectional circular loops During design and implementation of the AMHS function for a 300mm semiconductor wafer fab, we observed and found an interesting phenomenon (we call it "Vehicle Clustering Phenomenon" or VCP as shown in Fig. 2 ) from the dynamics of automated vehicles: As time evolves, the distance between any two adjacent vehicles usually become very close. The vehicles look like a long train running around the loop. Fig. 2 depicts an example of in-between distances of ten vehicles running around a unidirectional circular loop of 180 meters long. Note that these ten vehicles are initially located at different places and their in-between distances vary as time elapses. However, after about 1,600 seconds, one of the in-between distances converges to 180 meters while the others go to zero. This situation continues and never changes with time. This example demonstrates that although, at the beginning of time, these ten vehicles are not close to each other, they eventually get close enough as if they are a long train of vehicles around the loop.
Fig. 2 In-between distances of 10 vehicles as time evolves
This research intends to explore the causes of this phenomenon and tries to clarify their effects on the system performances. As well, an optimal vehicle control policy is then developed to avoid the performance deterioration due to these effects.
Define a unidirectional circular loop system as the hardware collection of monorails, vehicles, and ports for processing jobs. Vehicles are running around the loop in one direction. When there is a job request taking place at a port, the nearest coming vehicle to this job will arrive at the port and stay there to serve the job for a period of time. This processing time is usually non-trivial as compared to the vehicle round-trip time and thus cannot be neglected. Once a vehicle starts its processing at a port, it is possible for its following vehicles to be blocked one by one if they are moving close enough to their front and following vehicles. These queued vehicles can get ready to move only after the blocking vehicle completes its processing and starts to move forward. Intuitively, the length of job processing time is critical to the performance of the unidirectional circular loop system. The longer the processing time is, the more possible for more vehicles behind a processing vehicle to be blocked. We will prove in the following sections, all the vehicles around a unidirectional circular loop will eventually get close together no matter how small this processing time is, except for zero processing time.
Our survey indicates that there are no research reports addressing this problem directly. Although congestion and delays of automatically guided vehicles (AGV) are mentioned in [2] , none of the VCP problems are addressed. The traditional tandem layout is usually based on partitioning all the processing stations into non-overlapping, single vehicle closed loops. This will limit the throughput rates provided by only one vehicle in a loop. That is why there are multiple OHT vehicles running around an OHT loop. Ting and Tanchoco [3] dealt with the design of unidirectional circular layout for overhead material handling system in semiconductor wafer manufacturing. Congestion problems are not discussed in their research. Unlike cyclic hoist scheduling problems [4] , [5] , [6] , the VCP problem deals with multiple vehicles running in a circular loop. These vehicles usually suffer from blocking effects due to the processing operations of their precedent vehicles.
The remaining of this paper is organized as follows. Section 2 discusses a simple case of the vehicle clustering problem, where there are only two vehicles in a loop. Section 3 extends to the general problem where there are multiple vehicles in a unidirectional circular loop. Numerical experiments are conducted in Section 4. Finally, some concluding remarks and future research directions are discussed in Section 5.
Two Vehicles in A Loop
Consider that there are only two vehicles, V 1 and V 2 , running around a unidirectional circular loop. Let L be the round-trip length of the loop. Assume that all the job processing times are the same and equal to a constant value, say, .
τ Each vehicle runs around the loop at a constant speed of v. Assume that the acceleration and deceleration of vehicles can be negligible. We first make the following assumptions:
The probability that a job occurs in one place of the loop is equally likely; or it is of uniform distribution. A2 Only one job occurs at a time. That is, a job will take place only and immediately after its previous job is completed. A3 All job occurrences are identically, independently distributed (i.i.d.).
Let l and L-l denote the in-between distances of two vehicles, respectively. Let l' and L-l' denote the next distances between two vehicles after completing a job, respectively. Note that l and l' are random variables and .
We have the following lemma.
Let l=l k denote the distance between two vehicles after the occurrences of consecutive k jobs. Let l=l 0 and L-l=L-l 0 be the initial in-between distances of the two vehicles, respectively. We can move on to the following inequalities between the conditional expectations E[l k+1 |l 0 ] and E[l k |l 0 ].
We have the following lemma for ].
Theorem 1: Consider two vehicles running around a unidirectional circular loop of length L. Assume that the initial distance between two vehicles are l 0 and L-l 0 , respectively. Assume also that the location of job occurrence is of uniform distribution and only one job occurs at a time. As time elapses, the expected distances between two vehicles will approach to 0 and L, respectively. These distances will not change once they become 0 and L, respectively.
Corollary 1: As time elapses, the two vehicles becomes a two-vehicle train, independent of the initial value of l 0 , where . 0 0 L l ≤ ≤
Multiple Vehicles in A Loop
Consider the case where there are 2 ≥ N vehicles in the loop. Denote these vehicles as . , , ,
L Without lose of generality, assume that all the vehicles move around the loop in a consecutive sequence of ,
denote the distance between vehicles V n and V n-1 , . , 2 N n L = ∀
Let l (1) be the distance between V 1 and V N .
Lemma 5: At any moment, the summation of all the in-between distances of vehicles is equal to the total round-trip length of the loop. That is,
Lemma 6: Let l (n) ' denote the next distance between vehicles V n and V n-1 after completing a job, V~ is an absolute leading vehicle at moment k, then it is the one and the only one absolute leading vehicle after moment k. Note that Lemma 8 also implies that once a vehicle becomes an absolute leading vehicle, it will always be the absolute leading vehicle after then.
Lemma 9: For any , ,
Theorem 2: Consider that N vehicles are running around a loop of length L in a consecutive sequence of .
Given the initial distance between vehicles V n and V n-1 is , 1 , ) ( 0 ≠ ∀n l n and that between vehicles V 1 and V N is .
Assume that the probability of the location of job occurrence is of uniform distribution and only one job occurs at a time. Assume that . 0 > τ There is only one vehicle, denoted as , For each simulation scenario, we take the statistics of 1,000 runs with different initial values of random number seeds. We first investigate the effect of VCP on average job waiting times. Two variables are considered in our study: number of vehicles and processing time. One hundred scenarios are designed with number of vehicles varying from one to ten; and processing times varying from one to ten units of time. We first consider the case of uncontrolled systems where the in-between distances of any two consecutive vehicles are not limited, and perform computer simulations on these 100 scenarios. Table 1 depicts the simulation results in average job waiting times of these 100 testing scenarios. Note that, in Table I , as the number of vehicles changes, their average job waiting times do not differ from each other significantly. However, all the average job waiting times trend to increase as the processing time increases. In order to classify the effect of the number of vehicles and processing time on average job waiting time, we adopt the analysis of variance procedure to test whether these results are relatively similar or homogeneous. The resultant analysis of variance (or ANOVA) table is listed in Table 2 . The number of vehicles represents the blocks in the analysis. We have the null hypothesis To test the null hypothesis, we use the analysis of variance F statistic, calculated as F=MSB/MSE=0.0005 and shown in the column marked "F" and the row marked "No. of Vehicles" in Table II . The small F value of 0.0005 indicates that the probability of making the error of accepting the null hypothesis when it is false is relatively small. In other words, there are no differences in the average job waiting times in terms of different vehicle numbers. We can therefore conclude that no matter how many vehicles are running in the loop, the resultant average job waiting times are statistically not different. That is, VCP does happen and is independent of number of vehicles. We can adopt the similar procedure to test the differences caused by different processing times. As shown in Table 2 , its corresponding F value is 0.1483. This F value is larger than the previous one on different vehicle numbers. However, it is still not statistically significant that there are any differences in average vehicle waiting times due to different processing times. Summary This paper addresses an interesting but potentially inefficient phenomenon in the dynamics of 300mm automated vehicles running around a unidirectional circular loop. We start from the simple case where there are only two vehicles in a loop, and then extend to the general cases with multiple vehicles in the loop. We prove that such systems will eventually turn to be the one with a train of vehicles where all the vehicles in the loop will become very close to its front vehicle and its following one, except for the leading and the last vehicles. Impacts of this phenomenon include long job waiting times and ineffective operations of vehicles. Although there are many vehicles running around the loop, the resultant performance is the same as that in the system with only one vehicle. The investment on expensive vehicles does not benefit to reduce job waiting time.
Numerical results demonstrate that this phenomenon does happen, no matter how many vehicles are used in a unidirectional circular loop. It is statistically significant that the average job waiting times are independent of number of vehicles in the loop. Applications to this research results include materials handling systems in manufacturing, and round-trip bus/train dispatching in metropolitan transportation.
